Tetrahymena can facilitate plasmid transfer among Escherichia coli or from E. coli to Salmonella Enteritidis via vesicle accumulation. In this study, whether ciliates promote the interactive transfer of plasmids encoding bla IMP-1 between fecal E. coli and environmental Aeromonas caviae was investigated. Both bacteria were mixed with or without ciliates and incubated overnight at 30°C. The frequency of plasmid-acquired bacteria was estimated by colony counts using an agar plate containing ceftazidim (CAZ) followed by determination of the minimum inhibitory concentration (MIC). Cultures containing ciliates interactively transferred the plasmid between E. coli and Aeromonas with a frequency of 10 À4 to 10
Ciliate protozoa (Tetrahymena) ubiquitously inhabit animal rumens or natural environments such as rivers and ponds in most parts of the world (11) (12) (13) . These organisms are at the top of a complex food chain in the microbial community, where they act as grazers that feed on bacteria (14) . Moreover, it has been reported that ciliates facilitate cell-to-cell contact between bacteria captured in their vesicles by expelling vesicles with undigested live bacteria to outside environments, thereby contributing to gene transfer (15, 16) . Indeed, we have demonstrated that ciliates strongly promote transfer of TnphoA, which encodes alkaline phosphatase, from Escherichia coli (SM10l pir þ pRT733 þ with mobRP4) to a clinical isolate of E. coli via vesicle accumulation (17) . We hav ealso found that ciliates can facilitate the transfer of plasmids encoding bla between E. coli strains or from E. coli to Salmonella Enteritidis (18, 19) . These findings suggest that ciliates support plasmid transfer between bacteria in natural environments and are involved in the circulation of bacterial plasmids between humans and natural environments. Alternatively, we speculate that ciliates can be a hotspot in natural environments, facilitating bacterial plasmid transfer from human pathogens to environmental bacteria and thus being responsible for spreading plasmids into various environments, the plasmids presumably coming back to human pathogenic bacteria. Additionally, Aeromonas caviae may play a role as both recipients and donors of plasmids to human pathogenic bacteria because they are environmental bacteria that inhabit rivers and coastal areas as a fish pathogen and are therefore closely connected with humans. (20) . However, it is not yet known if ciliates can promote transfer of plasmids between fecal E. coli and environmental organisms such as Aeromonas caviae.
In this study, we assessed whether ciliates promote the interactive transfer of plasmids encoding bla IMP-1 between fecal E. coli and environmental A. caviae. We present here the first evidence of the interactive transfer of this plasmid between E. coli and A. caviae in two distinct Tetrahymena.
MATERIALS AND METHODS
Ciliates and bacteria used for this study Table 1 shows a list of the characteristics and sources of ciliates and bacteria used in this study. Two distinct ciliate protozoa, Tetrahymena thermophila (Tth; kindly provided by Dr. Sugai, Ibaraki University, Mito, Japan) and Tetrahymena sp. (Tsp; gifted by Dr. Tukii, Hosei University, Tokyo, Japan) were used in this study. The ciliates were maintained in peptone-yeast extract glucose broth containing 0.75% peptone (Difco, Franklin Lakes, NJ, USA), 0.75% yeast extract (Difco) and 1.5% glucose (Wako, Osaka, Japan) at 30°C as previously described (21) . Citrobacter freundii carrying a plasmid encoding bla IMP-1 was originally isolated by Hokkaido University Hospital and Aeromonas caviae no. 86 was kindly gifted by Professor Y. Tamura (Rakuno Gakuen University, Ebetsu, Japan). Other bacteria (E. coli J53, E. coli DH5a, E. coli ATCC 29213 and Staphylococcus aureus ATCC 25922) were purchased from the ATCC. E. coli TC170328 strain carrying the plasmid encoding bla IMP-1 was experimentally established by a broth-mating method with E. coli J53 and C. freundii as previously described (22) . Moreover, GFP-expressing E. coli DH5a was constructed according to a previous study (23) and then used for imaging analysis (see below).
Mixed culture and assessment of gene transfer frequency
The frequency of bacterial gene transfer through protozoa was assessed as previously described (17) . Briefly, equal amounts (approximately 10 9 CFU) of both donor CAZ-resistant (0.5 mL) and recipient bacteria (0.5 mL) were mixed with or without 10 6 cells of ciliates (1.0 mL) in PAS (24) , then incubated for 24 hr at 30°C. In addition, an experiment with a transwell (0.4 mm pore size) was conducted to separate ciliates from donor and recipient bacteria. After incubation, the solution was spread on trypticase-soy agar (Nissui Pharmaceutical, Tokyo, Japan) containing 50 mg/mL of CAZ and 50 mg/ mL of irgasan (Sigma-Aldrich, Tokyo, Japan) for A. caviae-derived plasmid-acquired bacteria or LB agar (Nacalai Tesque, Tokyo, Japan) containing 50 mg/mL of CAZ and 100 mg/mL of sodium azide (Wako) for E. coli J53-derived plasmid-acquired bacteria. The remaining solution was used for DNA extraction for PCR. Gene transfer frequency was calculated by the following equation: frequency of transfer events ¼ the number of plasmid-acquired bacterial colonies/total colony numbers (donor plus recipient).
DNA extraction and PCR
DNA was extracted from a single-colony culture of the bacteria (donor, recipient and plasmid-acquired bacteria) by boiling as previously described (17), after which 2 mL of boiling template was used for PCR with primers against bla IMP-1 (25) . The replicon type of the bla IMP-1 -encoding plasmid was also determined by PCR (26) .
Imaging
To confirm co-localization of E. coli and A. caviae in ciliate vesicles, 24-hr-mixed cultures comprising ciliates (T. thermophile or T. pyriformis), GFP-expressing E. coli DH5a (fluorescence color: green) (22) and vital-stained A. caviae no. 86 (fluorescence color: red) were fixed with 4% formalin and then analyzed by fluorescence microscopy (BioZero; Keyence, Osaka, Japan). Vital staining of bacteria was performed using a PKH-26 labeling kit (PKH-26GL, Sigma-Aldrich) according to the manufacturer's protocols.
Plasmid-acquired bacterial determination
Bacterial were identified MALDI Biotyper system (Bruker Daltonics, Boston, MA, USA) according to the manufacturer's instructions.
Antimicrobial susceptibility test
The MIC of CAZ against donors, recipients and plasmid-acquired bacteria in this study was determined by an agar-dilution method (27) . E. coli ATCC 25922 and S. aureus ATCC 29213 were used as quality control strains.
Grazing assay
Briefly, equal amounts (approximately 10 9 CFU of E. coli DH5a (5 mL PAS) or A. caviae no. 86 (5 mL PAS)) were mixed with or without 10 6 cells of ciliates, Tth or Tsp (10 mL PAS) and then incubated for 24 hr at 30°C. Samples were subsequently collected 0, 1, 2, 4, 8, and 24 hr after incubation, and colony numbers of each bacteria estimated by their distinct colony colors (E. coli, blue; A. caviae, white) on Colimark agar plates (Eiken Chemical, Tokyo, Japan). Grazing rates are expressed as decrease in bacteria (%) at 24 hr compared to starting bacterial number (100%; immediately after incubation).
Frequency of meeting
Amounts (approximately 10 8 CFU) of GFP-expressing E. coli DH5a and vital stained A. caviae no. 86 (see above) were mixed with 10 5 cells of ciliates, Tth or Tsp in 1 mL of PAS and then incubated for 1 hr at 30°C. Following incubation, mixed solutions were fixed with 4% formalin and then analyzed to estimate the frequency of meeting by fluorescence microscopy (BioZero; Keyence), this frequency being determined by counting the number of vesicles (green, E. coli alone; red, A. caviae alone; yellow, both) formed within ciliates. Microscopic fields were randomly selected and at least 100 ciliate cells counted.
Statistical analysis
All experiments were repeated at least three times. Statistical analysis was conducted using the Mann-Whitney U-test. P < 0.05 was considered to denote significance.
RESULTS
Frequency of transfer of the plasmid encoding bla IMP-1 between E. coli and A. caviae in cultures with ciliates First, we assessed if ciliates were associated with increased transfer of a plasmid encoding bla IMP-1 of E. coli TC17032828 (donor) to A. caviae no. 86 (recipient) (Fig. 1a, left panel) . In contrast to in the absence of ciliates (1.0 Â 10 À7 ), the frequency of gene transfer was greater in the presence of ciliates to 1.0 Â 10 À5 (Tth) (P < 0.05 vs. ciliate À) or 1.0 Â 10 À4 (Tsp) (P < 0.05 vs. ciliate À) (Fig. 1b, left panel) . We also confirmed successful gene transfer by PCR amplification with primers specific to bla IMP-1 (Fig. 1c, left panel) . Next, we assessed whether ciliates facilitated reverse transfer of the A. caviae no. 86 r plasmid to E. coli J 53 (Fig. 1a, right panel) . As expected, the frequency of gene transfer was significantly greater in the presence of ciliates with a frequency of 1.0 Â 10 À4 (Tth) (P < 0.05 vs. ciliate À) or 1.0 Â 10 À4 (Tsp) (P < 0.05 vs. ciliate À) (Fig. 1b, right panel) . We also confirmed successful plasmid transfer by PCR amplification with primers specific to bla IMP-1 (Fig. 1c, right panel) . Moreover, assessment of MICs revealed that plasmidacquired bacteria (E. coli TC17032828 and A. caviae no. 86 r ) were resistant to CAZ, similar to those of C. freundii carrying the plasmid encoding bla IMP-1 , an origin of the plasmid (Table 2) . These results also confirm that representative colonies of plasmid-acquired bacteria were correctly identified to the species level using the MALDI Biotyper system (Supporting Information  Fig. S1 ). Overall, the results of this study indicate that cultures with ciliates can interactively prompt transfer of plasmids encoding bla IMP-1 between E. coli and A. caviae. In addition, PCR-based replicon typing showed that the bla IMP-1 -encoding plasmid was IncA/C type.
Co-localization of E. coli and A. caviae in ciliate vesicles and the influence of separating bacteria from ciliates on frequency of gene transfer
We evaluated whether two different kinds of bacteria [GFP-expressing E. coli DH5a (green) and vital-stained A. caviae no. 86 r carrying a plasmid encoding bla IMP-1 with PKH-26 (red)] could accumulate in the same ciliate vesicle. We observed co-localization of these two different bacteria in the same ciliate vesicle, regardless of ciliate strain, suggesting that the gene transfer events occur through bacterial accumulation in ciliate vesicles (Fig. 2) . Interestingly, some vesicles packed with both bacteria were expelled from ciliates, after which these bacteria were released from the disrupted vesicles, implying that bacteria circulate via ciliates in culture (Fig. 2 , bottom right panel). To confirm this hypothesis, we determined the frequency of gene transfer of A. caviae no. 86 r carrying a plasmid encoding bla IMP-1 to E. coli J53 when we segregated the ciliates from these bacteria with a transwell membrane. The frequency of gene transfer was significantly lower in segregated cultures than in cultures without transwells, regardless of ciliate strain (Fig. 3) .
Grazing rate and frequency of meeting showing both ciliates favor E. coli over A. caviae for digesting their bacteria
To determine why the frequency of gene transfer from E. coli (donor) to A. caviae (recipient) was lower than from A. caviae (donor) to E. coli (recipient), we determined the grazing rate (decrease in bacterial number) according to frequency of meeting in both ciliates on digesting their bacteria. We found that grazing rates of Tth and Tsp at 24 hr after incubation with E. coli were 29.1 AE 48.2% and 1.7 AE 1.5%, respectively (Fig. 4a) , whereas the rates of Tth and Tsp with A. caviae were 171.6 AE 277.6% and 51.5 AE 26.1%, respectively (Fig. 4b) . These findings indicate that both ciliates prefer to ingest E. coli rather than A. caviae. To confirm this, we assessed the frequency with which the bacteria met inside the vesicles of ciliates. As expected, we saw E. coli alone in the vesicles more frequently than A. caviae, regardless of ciliate strain ( Fig. 5a ; green, E. coli; red, A. caviae; yellow, both together) and 5b [white bar]). Moreover, we found that both bacteria co-localized in the same vesicles of ciliates (Fig. 5b, see black  bars) , indicating that their meeting prompts gene transfer.
DISCUSSION
MDR Enterobacteriaceae producing ESBL such as carbapenemase encoded by bla IMP or bla NDM , which are resistant to carbapenem, pose a severe threat to hospitals and other healthcare facilities (1) (2) (3) (4) (5) . Therefore, control of the emergence of these bacteria requires development of comprehensive management measures encompassing livestock, distribution of food, public hygiene practices, and monitoring of natural environments (6) (7) (8) (9) (10) . In this study, we demonstrated interactive transfer of the plasmid encoding bla IMP-1 between E. coli and A. caviae in ciliates, indicating a pathway for plasmid transfer among bacteria that may be a mechanism for circulation of MDR bacteria.
Enterobacteriaceae producing carbapenemase encoded by bla IMP-1 have been widely detected in patients and hospital facilities, as well as livestock and aquatic environments, including sewers and rivers, contributing to explaining how these bacteria circulate between humans and the environment (28) (29) (30) (31) . E. coli, a representative fecal bacterium belonging to Enterobacteriaceae, can widely adapt to a variety of mammalian bodies, including animal or human intestines. These bacteria contain plasmids that encode drug resistant genes, resulting in the constant release of bacteria to natural environments such as rivers or soil, as has been documented in many studies of bacteria such as Salmonella or E. coli (32) (33) (34) (35) . Moreover, Aeromonas spp., including A. caviae, are representative natural environmental bacteria that are widely distributed in coastal areas and rivers as a fish pathogen, as well as in many areas in which people live (36, 37) and thus serve as a potential reservoir for the plasmid. Therefore, we selected these two bacteria as the donor and recipient and bla IMP-1 as a factor gene to assess gene transfer via Tetrahymena cells. We found that the frequency of gene transfer between E. coli and A. caviae is significantly higher in the presence of ciliates. However, ciliates promoted transfer of the plasmid from E. coli TC170328 to A. caviae no. 86 more strongly than from A. caviae no. 86 r to E. coli JR53. Both ciliates favor E. coli over A. caviae and this preferential ingestion of E. coli in both ciliates is rigidly involved in the difference in frequency of gene transfer depending on the direction of plasmid transfer between E. coli and A. caviae. Moreover, sequence analysis revealed that the plasmid is i a type with incA/C, which can effectively mobilize into the Enterobacteriaceae family (37) .
Imaging analysis revealed co-localization of E. coli and A. caviae in ciliate vesicles. Because we did not succeed in establishing fluorescence-expressing bacteria, we performed live labeling of A. caviae by staining with PKH-26, a hydrophobic fluorescence dye. After staining, the bacteria were still viable, indicating that the staining protocol has minimal effects on bacterial survival. After mixed culture, ciliates that ingested the live-stained A. caviae became red. Spread of the dye to the ciliate's cytoplasm revealed ingestion of A. caviae. Interestingly, ciliates expelled pellets containing bacteria, which subsequently released the bacteria into the culture, further increasing the frequency of encounter with other environmental bacteria. These findings are concordant with the results of previous studies (15, 16) . Additionally, the fact that ciliate (Tsp) expelled more pellet than other ciliates indicated that such expulsion varies between ciliate strains, presumably indicating the presence of optimal sets of bacteria and ciliate strains for accelerating the frequency of gene transfer. Given that several studies have shown that living bacteria such as Legionella and non-pathogenic E. coli packaged into multi-membrane vesicles can be released outside of protozoa such as Tetrahymena or Acanthamoeba, such bacterial expulsion may involve the inability to digest bacteria that are responsible for host cellular protection (38) (39) (40) . Therefore, in this study, we defined the pellets as being actively expelled, rather than excreted, from Tetrahymena.
Segregation using a transwell membrane significantly diminished the frequency of gene transfer, regardless of ciliate strain. Overall, these findings and those presented above indicated that transfer occurs via a series of processes comprising attachment, digestion and accumulation of both bacteria into ciliates. It should be noted that there was a trend toward greater baseline frequency of gene transfer in cultures with transwells; however, the difference was not significant. It is well known that filterassociated mating between bacteria is very effective (41, 42) ; therefore, it is possible that bacterial accumulation on the pore membrane slightly promotes gene transfer.
In conclusion, we demonstrated that ciliates promote transfer of plasmids between E. coli and A. caviae. While further study is needed to clarify these results using other bacteria, the information presented herein will be useful in control of the spread of MDR bacteria.
